IntroductIon
Arctic herbivores face difficult living conditions with low temperature, short plant growing season, and nitrogen limitation of primary production, resulting in some of the least productive ecosystems in the world (Billings and Mooney, 1968; Nadelhoffer et al., 1991) . The short summer growing season encompasses typically mid-June to late August or early September (Muc, 1977; Arndal et al., 2009) . During the arctic winter, most of the plant forage is unavailable to the herbivores due to leaf senescence or because of a thick snow cover (Klein and Bay, 1994) . Across all ecosystems worldwide, herbivores generally consume 1%-10% of the aboveground plant production (Chapin et al., 2002) , with the least consumption in unproductive habitats, such as tundra ecosystems (McNaughton et al., 1989) . However, the impact on the nutrient budgets of plants may be larger, as herbivores tend to feed on plant parts that are rich in nutrients (Chapin et al., 2002) . Herbivores therefore also play a key role in turnover of elements as nitrogen, which often limit arctic plant growth . Not only do herbivores remove nitrogen when feeding on plants, they may also redistribute nitrogen and other nutrients through defecation and urination across the landscape (McKendrick et al., 1980;  A B S T R A C T The muskox (Ovibos moschatus), a key species in the arctic tundra, is the only largebodied herbivore in Northeast Greenland. Here, we quantify the biomass removal and fecal deposition by muskoxen during the snow-free period in the years 1996 to 2013 in the high arctic tundra ecosystem at Zackenberg, Northeast Greenland. We show that despite high densities, muskoxen removed only 0.17% and 0.04% of the available forage in graminoid-dominated areas and in Salix snowbeds (including Salix dominated heaths), respectively, during the main plant growing season (from mid-June to end of August). Into the autumn, the biomass removal increased to ~4.6% and 0.19% in the graminoid-dominated areas and Salix snowbeds, respectively. Muskoxen forage mainly in the graminoid-dominated areas, but defecate primarily in Salix snowbeds, resulting in net nutrient transfers from the nitrogen-rich wet habitats to the nitrogen-poor, drier habitats, corresponding to an addition of 0.016 g m -2 of nitrogen in the Salix snowbeds per year. This nitrogen addition is of same magnitude as the dissolved inorganic nitrogen pool in similar arctic soils. Hence, while the quantitative impact of muskox biomass removal seems negligible, the nitrogen relocation may be important for the arctic vegetation and associated biota in the tundra ecosystem. Hobbs, 1996; Van der Wal et al., 2004) . Nitrogen deposition does not necessarily take place in the areas used for foraging (Williams and Haynes, 1995) , which may lead to a relocation of nutrients between different areas.
As one of the few large herbivores in the tundra ecosystem, the muskox, Ovibos moschatus, is regarded as a key species. Being a large grazer, with its large body size, rumen, and gut (Hofmann, 1989) , the muskox is capable of processing large amounts of forage (Jefferies et al., 1994) and has been associated with changes in the vegetation cover, biodiversity, shrubification, and ultimately the carbon balance of the ecosystem (Post and Pedersen, 2008; Falk et al., 2014 Falk et al., , 2015 . Despite their size, muskoxen are selective in their diet and habitat use (Raillard and Svoboda, 2000; Kazmin and Abaturov, 2011; Kristensen et al., 2011) . During summer, muskoxen forage mainly in wet and low-lying fen-and grassland areas, where their diet is dominated by leaves and stems of graminoids and willows (Salix spp.), while dominated by senescent graminoids and willow twigs during the winter (e.g., Thing et al., 1987; Klein and Bay, 1990 , 1991 Larter and Nagy, 2004) . In the Arctic, muskoxen are found at generally low densities (~1 animal km -2 ) and are widely distributed across the landscape (Parker and Ross, 1976; Wilkinson et al., 1976; Hubert, 1977; Thing et al., 1987; Raillard and Svoboda, 2000) . However, during certain periods, such as late summer, animals may aggregate in specific habitat types (often low-lying graminoid-dominated fens), where densities may be more than 6 muskoxen per km 2 (Raillard and Svoboda, 2000; Tolvanen and Henry, 2000; Schmidt et al., 2015) . At Zackenberg Research Station in Northeast Greenland, muskoxen have been monitored as part of the long-term monitoring program BioBasis since its implementation in 1996 . Muskoxen are the only large herbivores there and can be found there in some of the highest densities in the High Arctic , which is why we expect muskoxen to exert a high grazing pressure in the low-lying graminoid-dominated areas there. Recently we reported the long-term patterns in inter-and intraannual variation in the muskox demographics at Zackenberg, including the intra-and interannual variation in muskox abundance and group composition . In this study, we aim at quantifying the grazing pressure of muskoxen at Zackenberg. Quantifying herbivory is, however, challenging due to difficulties in estimating the true primary productivity (McNaughton et al., 1996) . As suggested by McNaughton et al. (1996) we therefore utilize the long-term data on muskox abundance to quantify the amount of the available forage that the muskoxen at Zackenberg remove during the snow-free season. Also, we quantify the spatial relocation of nitrogen by muskoxen between different vegetation types within our study area. By doing this, we aim at not only quantifying the muskox as a key herbivore, but also its role as redistributor of nutrients.
MaterIals and Methods

Study Area
The study was carried out inside the designated muskox census area covering ~47 km 2 in the Zackenberg valley, Northeast Greenland (74°28′N; 21°33′W). The valley has a high arctic climate with an annual mean air temperature of -9 °C and a total precipitation of about 260 mm, mainly falling as snow . The valley is covered by a mosaic of different vegetation types (Elberling et al., 2008) . During summer, muskoxen forage mainly in graminoid-dominated areas (grasslands and fens), but also in Salix snowbeds and Salix-dominated heaths (hereafter termed Salix snowbeds) (Kristensen et al., 2011) . The graminoid-dominated areas cover 42% of the study area and are widely scattered and found in the wetter parts of the valley (Bay, 1998) . Here, the vegetation is dominated by several species of Cyperaceae, Juncaceae, and Poaceae. Salix snowbeds cover 15% of the study area and are mainly found on sloping sites with a prolonged snow cover. Here, the vegetation is characterized by the deciduous dwarf-shrub Salix arctica, but various forbs and graminoids are also present (Bay, 1998) . The remaining part of the study area is primarily covered by different dwarf-shrub heaths and open fell fields (Elberling et al., 2008) . These vegetation types are in this study lumped together as "Other vegetation types" (43% of the study area). These three vegetation types are all visited by muskoxen in summer (Berg et al., 2008) , but foraging takes place in the graminoid-dominated areas and Salix snowbeds (Kristensen et al., 2011 ) (see below).
Muskox Censuses
Data on muskox abundance, and the sex and age composition of groups, were obtained from the long-term biological monitoring program (BioBasis) running at Zackenberg. Since its implementation in 1996, the muskox population has been monitored by multiple annual censuses within an ~47 km 2 designated census area . Data presented here cover the years 1996 to 2013. At weekly intervals, during most of the snow-free season, the census area was covered on foot. All muskox groups within the census area were registered, and the sex and age composition of the group determined (calf, yearlings, 2-year-old male and females, 3-year-old males and females, and ≥4-year-old males and females; following Olesen and Thing [1989] ). In a few cases, the census protocol was deviated-for instance, due to bad weather. Also, during the censuses conducted in 1997, only herd size was registered, and on the first census round in 1998, no separation between the 3-yearold and ≥4-year-old categories was made (3.7% of all observations). Unspecified adults constituted 5.0% of all observations. The temporal coverage of the censuses has varied over the years. While the arctic summer months (June-August) were covered in all years, a number of additional censuses have been conducted outside this period whenever possible. See Schmidt et al. (2015) for further details on the muskox censuses during the period.
Forage Availability
Weekly estimates of aboveground dry weight plant standing crop in the dominant vegetation types in Zackenberg throughout an entire growing season in 2004 were obtained from Arndal et al. (2009) . The total standing crop was defined as both stems and leaves of graminoids and willows in the main growing period (9 weeks from midJune to the end of August; Table 1 ). Based on data from their study (weekly estimates of g m -2 ) we calculated the weekly total aboveground plant standing crop, or in other words, the total forage availability inside the different vegetation types in our study area for each week. This was done by multiplying the standing crop estimations (weekly g m -2 ) with the known area sizes of the different vegetation types within the study area: the graminoid-dominated areas (19.4 km 2 ) and the Salix snowbeds (6.9 km 2 ). Implicitly, we assumed that the availability of forage was constant throughout the week. Forage availability was estimated for all weeks and years (Table 2 shows total yearly standing crop estimations). However, as plant phenology varies with the interannual variation in snowmelt (Ellebjerg et al., 2008) , we used information on the annual mean date of 50% snow cover in 22 permanent monitoring plots at Zackenberg to temporally align the onset of growing season to match the melt patterns of a given year. Hence, while the growth phenology within years was the same across years, the onset of the growing season shifted with the snow conditions compared to 2004, which was the year Arndal et al. (2009) estimated the weekly plant standing crops. A polynomic regression model was then used to extend the growing season (Tamstorf et al., 2007) until winter standing crop values were reached. Winter standing crop was set to 5.0 g m -2 for graminoids as reported by Henry et al. (1990) . For willows, the winter standing crop was set to be the twigsbiomass of 83.6 g m -2 , which was obtained from Arndal et al. (2009) . 
Biomass Removal
The amount of biomass removed by muskoxen was calculated as suggested by McNaughton et al. (1996) using herbivore density and body size, as well as their forage intake rates. Our calculations were based on population census data from Zackenberg (Table 2 ) combined with data on muskox weights and forage intake rates from the literature: Data on body weights of wild muskoxen are rare, but Latour (1987) scaled a large number of muskoxen collected from Banks Island in spring. However, while Latour (1987) separated muskoxen until the age of five, our data only classified individuals to the age of four. Consequently, we used the average values of four-and five-year-olds as adult weights. Moreover, though the body weight of adult muskoxen may vary during the year (Hubert, 1977; Adamczewski et al., 1997) , we assumed the spring weights of the Canadian muskoxen to correspond to the summer weights of individuals from Zackenberg. Calves were not included in the calculations, as they are observed nursing in the wild to age of 15 months (Hubert, 1977) . Several authors have investigated the daily intake requirement for muskoxen (e.g., gram forage per kilogram bodyweight per day), and there are some variations in the estimates (see Table  3 ). Using the weekly estimates of muskox density inside our study area, and the weight estimations from Latour (1987) , we estimated the biomass of muskoxen present in the study area in each week. We calculated the weekly plant biomass removal by muskoxen in the area using the different forage intake rates (Table 3) , and afterward we used the mean of these estimates as our weekly estimate of biomass removal. Again, implicitly, we assumed that the density of muskoxen, and thus their biomass removal, was constant throughout the week. Further, Kristensen et al. (2011) estimated that approximately 80% of the summer forage for muskoxen at Zackenberg was in the graminoid-dominated areas, while the remaining 20% was in the Salix snowbeds. Hence, the calculated weekly plant biomass removal by muskoxen inside the study area was thereafter divided between the graminoid-dominated areas (80%) and the Salix snowbeds (20%) (Kristensen et al., 2011) . The estimates of weekly plant biomass removal by muskoxen were then compared to the weekly availability of aboveground plant biomass calculated earlier for the two vegetation types. This produced a fraction (%) of how much of the available plant standing crop had been consumed by the muskoxen in each week during the main growing season. Consumption in the "Other vegetation types" was not quantified because muskoxen rarely forage there (Kristensen et al., 2011) but use these areas for resting and ruminating. As most data included in this study stem from the main growing season (i.e., the first nine weeks), we mainly report results from this period, but include estimates of the biomass removal into the autumn as well.
Fecal Deposition
The weekly total fecal deposition by muskoxen was calculated following the same approach as for biomass removal, using the rates of fecal output provided by the same studies as the required daily intake (see Table 3 ). We estimated the relative spatial distribution in fecal deposition among the three vegetation types ("graminoid-dominated areas," "Salix snowbeds," and "Other vegetation types") by estimating the densities of fresh muskox feces along a minimum of five 100-300 m long transects within the census area during summer. "Other vegetation types" comprise several, less dominant vegetation types inside the census area, including fell field and Dryas heath. Only feces from the current summer were included, as the persistence of feces differs in different vegetation types (Klein and Bay, 1994) .
Nitrogen Relocation
To estimate the relocation of nitrogen by muskoxen, we calculated the nitrogen content in the plant material consumed by muskoxen, as well as the nitrogen content in the feces deposited by muskoxen during the main growing season (nine weeks). For this purpose, we used published data on local nitrogen contents of muskox summer forage (Salix snowbeds: 2.2%, Graminoid-dominated areas: 1.6%) and feces (2.8%) (Kristensen et al., 2011) . Again, we assumed that 80% of the plant forage found in muskox summer feces derived from the graminoid-dominated areas, while 20% derived from the Salix snowbeds (Kristensen et al., 2011) . As a conservative measure of urinary nitrogen loss, we assumed the urinary nitrogen loss to be ~50% of the total nitrogen loss (Sponheimer et al., 2003; Robinson et al., 2005) , and we therefore assumed the total nitrogen deposition to be twice the amount of nitrogen deposited from feces alone.
results
Biomass Removal
Across the 18 years of study, the mean annual amount of biomass removed during the main growing season within the ~47 km 2 census area was estimated to 9.7 ± 0.14 tons (Table 2 ; mean ± standard error; n = 18). Of these, 7.74 ± 0.11 tons (0.399 g m ) from the Salix snowbeds (Table 2 ). Compared to the weekly aboveground total standing crop in the two habitat types, the muskoxen on average only removed 0.17% and 0.04% of the available weekly standing crop during the main growing season in the graminoid-dominated areas and in Salix snowbeds, respectively (Fig. 1) . In late summer, and into the arctic autumn, however, the mean density of muskoxen in the Zackenberg valley increases markedly  Fig. 1 ). The concomitant increase in biomass removal in late summer and into the autumn resulted in muskoxen removing ~2.40% of the available forage in the graminoiddominated areas in this period (Fig. 1) , and only ~0.10% of the available forage (twigs) from the Salix snowbeds (Fig. 1) . In the very last week, the biomass removal peaked with ~4.6% and 0.20% of the available forage being removed by muskoxen inside the graminoid-dominated areas and Salix snowbeds, respectively (Fig. 1) .
Fecal Deposition
The total fecal deposition by the muskox population within the census area was estimated to 4.11 ± 0.06 tons per year during the main growing season ( Table 2 ). The spatial variation in fecal deposition between the three vegetation types revealed that 62% of all feces were deposited in Salix snowbeds. Only 9% was found in the graminoid-dominated areas, while 29% were deposited in the remaining parts of vegetation types (other vegetation). This corresponds to ~0.37 ± 0.01 tons (0.02 g m ; Table 2 and Fig. 2 ).
Nitrogen Relocation
The estimated quantities of biomass removal and feces deposition were converted to nitrogen intake and loss, respectively. During the nine weeks of the main growing season in Zackenberg, the muskox population removed a total of 124 ± 1.82 kg of nitrogen within the graminoid-dominated areas (0.006 g m -2
), and a total of 43 ± 0.63 kg nitrogen within the Salix snowbeds (Fig. 2) . The total nitrogen input from defecation and urination to the graminoid-dominated areas was estimated to 21 ± 0.31 kg (0.001 g m ; Fig. 2 ). This pattern resulted in a net transfer of nitrogen from the graminoiddominated areas to the Salix snowbeds of 110 kg of nitrogen within the census area, corresponding to a net addition of 0.016 g m -2 of nitrogen in the Salix snowbeds (Fig. 2) .
dIscussIon
During the short snow-free period, muskoxen have to restore their fat reserves before the onset of winter. The amount of deposited fat influences winter survival and other vital population parameters, such as pregnancy rates (Adamczewski et al., 1997 (Adamczewski et al., , 1998 . Therefore, arctic herbivores, including muskoxen, have to maximize their nitrogen uptake during the summer (Forchhammer and Boomsma, 1995; Gustine et al., 2011) . Consequently, in summer, muskoxen at Zackenberg forage mainly in the productive and nitrogen-rich areas in the landscape (Kristensen et al., 2011) , that is, those dominated by graminoids (Arndal et al., 2009) . As the densities of muskoxen at Zackenberg are among the highest reported for the High Arctic , we expected a substantial grazing pressure in the graminoid-dominated areas. Indeed, the muskoxen did remove large quantities of plant forage from the graminoid-dominated areas within the census area. Nonetheless, compared to the availability of plant forage, the fraction of plant biomass removed by herbivores during the main growing season was negligible (Fig. 1) . Less than 1% of the available forage in the most heavily grazed areas (the graminoid-dominated areas) was consumed during the main growing season each year. However, as the density of muskoxen increased into the autumn, where the available plant biomass had declined, the fraction of plant biomass consumed within the graminoid-dominated areas increased up to ~5% by the end of October (Fig. 1) . These fractions are similar to previously reported fractions of consumption by muskoxen (Hubert, 1977; Bliss, 1986) , though fractions up to about 50% have also been reported (Raillard and Svoboda, 2000) . Hubert (1977) reported that muskoxen on Devon Island consumed 4.9% of the available biomass within meadows during a 12-month period, though it was especially the winter biomass removal that contributed to this estimate. Biomass removal by muskoxen at Zackenberg is thus of the same magnitude as biomass removal by invertebrate herbivores in the Arctic with less than 1% (Roslin et al., 2013), a percentage that traditionally has led to invertebrates being overlooked as important arctic herbivores (Haukioja, 1981; MacLean, 1981) . The biomass removal from the Salix snowbeds was even less than the graminoid-dominated areas. Even though the Salix snowbeds only cover about one-third of the graminoid-dominated areas, the availability of plant biomass in the two was almost similar due to the high standing crop of willows (Fig. 1) . Nonetheless, at Zackenberg the muskoxen removed less than 0.05% of the available biomass inside the Salix snowbeds during the main growing season. This fraction only increased up to 0.10% in late October due to the continuing high overwintering standing crop in the twigs (Fig. 1) . Based on these low biomass removal rates by muskoxen, we therefore conclude that plant forage during summer, per se, is not a limiting factor for the muskox populations in high arctic areas, and there seems to be sufficient plant forage available each year for them to replenish their fat reserves during the summer. This is also supported by the lack of correlation between muskox abundance and plant biomass availability in summer reported by Schmidt et al. (2015) . The same study concluded that the snow cover and persistence are major determinants of the muskox population at Zackenberg and most likely also across the Arctic .
In spite of the quantitatively small biomass removal, the muskoxen may still have important qualitative impacts on the ecosystem structure and function (Mulder and Harmsen, 1995; Tolvanen and Henry, 2000; Tolvanen et al., 2001 Tolvanen et al., , 2002 Post and Pedersen, 2008; Elliott and Henry, 2011; Falk et al., 2014 Falk et al., , 2015 . For example, Post and Pedersen (2008) found that muskox grazing tends to decrease dwarf shrubs, increase the plant biodiversity, and even oppose the climate change effects on the vegetation. Additionally, decreased net primary production has been found in grazed areas (Elliott and Henry, 2011) , which along with decreased litter accumulation and trampling in grazed area may affect the carbon balance of the system (Falk et al., 2014 (Falk et al., , 2015 . Additionally, large herbivores have long been scrutinized as an important driver in the nitrogen cycle in the Arctic ( Van der Wal et al., 2004; Barthelemy et al., 2015) . Not only do large herbivores remove large quantities of tissues with high nitrogen levels (i.e., new shoots), they also precede resorption and release easily accessible nitrogen through defecation and urination to the soil. In severely nutrient-limited ecosystems, such as the Arctic, defecation and urination by muskoxen may increase nitrogen uptake in plants, reduce their C/N ratios, increase plant growth, but also stimulate microbial growth and decomposition, and increase herbivory (McKendrick et al., 1980; Chapin et al., 1995; Ball et al., 2000; Pennings et al., 2005; Christiansen et al., 2012) . However, perhaps more important, large herbivores are capable of transferring large quantities of nutrients between areas, as defecation and urination may not occur in the same areas utilized for foraging. Indeed, we found the majority of fecal droppings inside the Salix snowbeds even though most of the foraging took place in the graminoid-dominated areas. Spatial relocation of nutrients by water and windblown litter has long been recognized as a major driver in these nitrogen-limited tundra ecosystems (Kummerow et al., 1987; Chapin et al., 1988; Oberbauer et al., 1989; Murray, 1991; Fahnestock et al., 2000) , and recently Olofsson (2009) suggested that the spatial decoupling of herbivore consumption and excretion is of major importance in arctic terrestrial ecosystems.
Quantifying the spatial relocation of nitrogen between the different vegetation types revealed a net export of nitrogen from the graminoid-dominated areas of about 160 kg of nitrogen each year during the main growing season (Fig. 2) , which corresponds to a loss of 0.008 g m -2 each year from the graminoid-dominated areas. Of these, about 110 kg nitrogen net is transferred to the Salix snowbeds. Murray (1991) reported a similar spatial relocation of nutrients from fens to Salix snowbeds at Sverdrup Pass, Canada. Across the main growing season, our results suggest that a net addition of 0.016 g m -2 easily accessible nitrogen is relocated to the Salix snowbeds each year-a number eight times higher than those estimated from another high arctic site (Henry and Svoboda, 1986) . In general, soils from graminoid-dominated fen and grassland areas hold the largest nitrogen pool in the Arctic Elberling et al., 2008) , and Giblin et al. (1991) estimated the total stock of dissolved inorganic nitrogen from wetlands to be about 0.055 g m -2 in the uppermost soil layer. Hence, the total loss of nitrogen from the graminoid-dominated areas (0.009 g m -2 ; Fig. 2) is small compared to the available, inorganic nitrogen pool in this relatively nutrient-rich plant community. However, shrub-dominated areas are among the arctic vegetation types with the lowest plant available soil nitrogen pools in the Arctic, and Giblin et al. (1991) estimated the total stock of dissolved inorganic nitrogen in such soils to be about 0.015 g m -2 in the uppermost soil layer. Thus, the addition of nitrogen to the Salix snowbeds by muskoxen is likely to have a significant impact, as both the microbial community and the plants within the Salix snowbeds receive eas-ily accessible nitrogen from muskoxen in amounts equal to the total dissolved inorganic pool. Additionally, nitrogen deposition by fecal and urine input is likely to continue outside the growing season and into the autumn, although these nutrients may be redistributed farther by meltwater streams during snowmelt (Kummerow et al., 1987; Oberbauer et al., 1989; Murray, 1991; Fahnestock et al., 2000) . Nonetheless, the nitrogen relocation by muskoxen is likely to have large qualitative effects on the plant communities. Numerous studies have shown enhanced primary productivity in arctic plant communities after nitrogen addition (Chapin and Shaver, 1996; Jonasson et al., 1996; Grellmann, 2002) , and recently Barthelemy et al. (2015) reported a strong plant response in a longterm reindeer feces experiment. Here reindeer feces were added to two different arctic vegetation types, graminoid-dominated meadow and shrubdominated heath. Both vegetation types showed increased primary production, as well as an increased growth of deciduous shrubs on the heath. Hence, the relocation of nitrogen through muskox grazing and defecation and urination is likely to be significant, and to have large qualitative impacts on plant (and other) communities in our study area, but also in general in the nitrogen limited ecosystems in the High Arctic.
conclusIon
In the present study, we have provided a, albeit coarse, quantification of muskox biomass removal and fecal deposition, thereby allowing for the estimation of the net nitrogen relocation between different vegetation types. We have shown that even though the area at Zackenberg holds large densities of muskoxen, the fraction of available plant forage consumed by muskoxen is generally low and almost negligible during summer. Nonetheless, the spatial relocation of nitrogen by muskoxen is likely to assert a significant impact on tundra communities. ) specific to the vegetation type are given in bold, whereas the raw quantities (kg) are given in brackets.
Our results thus stress the central role of muskoxen in the tundra ecosystem. references cIted
